Patients with systemic juvenile idiopathic arthritis (sJIA) have a characteristic daily spiking fever and elevated levels of inflammatory cytokines. Members of the interleukin-1 (IL-1) gene family have been implicated in various inflammatory and autoimmune diseases, and treatment with the IL-1 receptor antagonist, Anakinra, shows remarkable improvement in some patients. This work describes the most comprehensive investigation to date of the involvement of the IL-1 gene family in sJIA. A two-stage case-control association study was performed to investigate the two clusters of IL-1 family genes using a tagging single nucleotide polymorphism (SNP) approach. Genotyping data of 130 sJIA patients and 151 controls from stage 1 highlighted eight SNPs in the IL1 ligand cluster region and two SNPs in the IL1 receptor cluster region as showing a significant frequency difference between the populations. These 10 SNPs were typed in an additional 105 sJIA patients and 184 controls in stage 2. Meta-analysis of the genotypes from both stages showed that three IL1 ligand cluster SNPs (rs6712572, rs2071374 and rs1688075) and one IL1 receptor cluster SNP (rs12712122) show evidence of significant association with sJIA. These results indicate that there may be aberrant control of the activity of the IL-1 family in sJIA patients causing the increased susceptibility to the disease.
Introduction
Juvenile idiopathic arthritis (JIA) is a clinically heterogeneous disease with seven subtypes. 1 It is thought that this clinical diversity reflects a difference in the underlying pathology and genetic heterogeneity. Despite a spectrum of disease activity, systemic JIA (sJIA) can be the most severe of the subtypes, and is potentially fatal. There are currently no disease-specific markers for sJIA and diagnosis may be difficult as exclusion of other diagnoses by an extensive investigative work up is essential. 2 There is much evidence that patients with sJIA have an altered cytokine profile, a possible cause for pathogenic chronic inflammation, when compared to patients with other JIA subtypes and to healthy individuals. 2 A number of cytokine candidate gene associations have been found that are specific to the systemic subtype of JIA. This includes an association with interleukin-6 (IL-6) gene polymorphisms 3, 4 and a macrophage migration inhibitory factor gene polymorphism, 5 which may also be a predictor of poorer outcome after intra-articular injections. 6 The most recent association to be shown with sJIA is with the anti-inflammatory cytokines IL-10 and IL-20, including an association with a low-expressing IL10 genotype. 7 IL-1 is a pro-inflammatory cytokine that affects nearly every cell type, often working in concert with tumor necrosis factor (TNF). It can also upregulate host defences and function as one of the key cytokines mediating the innate immunity response. 8 Located together on a locus on chromosome 2q13 9, 10 are the genes for the two naturally occurring forms of IL-1: IL-1a and IL-1b, and for the naturally occurring IL-1 receptor antagonist, IL-1Ra. Also within the same locus are the six recently discovered genes belonging to the IL-1 family, named IL-1F5-IL-1F10 [11] [12] [13] ( Figure 1 ). The function of these new family members is still to be elucidated but there is evidence that some may act through IL-1RL2 and IL-1RAcP 14, 15 and that IL-1F7 may be important in IL-18 antagonism. 16 The genes for the IL-1 receptor family are also located together in a cluster on chromosome 2q11.2, along with the genes for the two IL-18 receptors (IL-18R1 and IL-18RAcP) also members of the IL-1 receptor family 17 ( Figure 1 ). The type 1 IL-1 receptor (IL-1R1) is required for signal transduction, while the type 2 IL-1 receptor (IL-1R2) is a non-signal transducing, decoy receptor. 18 There are also an additional two members of the IL-1 receptor family, IL-1RL1 and IL-1RL2, neither of which binds IL-1 19 but IL-1RL2 has been shown to be the receptor through which the IL-1F6, 8 and 9 ligands induce a signal.
IL-1 inhibitory activity was found in the serum of sJIA patients at the height of fever 20 and there has been shown to be a significant difference (10-fold increase) between the plasma levels of IL-1Ra in control individuals and in sJIA patients. 21 Pascual et al. 22 found that when peripheral blood mononuclear cells (PBMCs) from healthy individuals were incubated with serum from active sJIA patients several members of the IL-1 and IL-1R family: IL1B, IL1RN, IL1R1 and IL1R2, showed a more than twofold increased gene expression compared to PBMCs incubated without culture or with autologous serum. Additionally, they found that IL-1b and IL-1R2 proteins were over-expressed in the PBMCs of patients compared to healthy controls, PBMCs from sJIA patients also had a greater capacity to secrete IL-1b after stimulation with phorbol myristate acetate-ionomycin than PBMCs from healthy individuals (15-fold increase) but there was no significant difference in the production of IL-6 and TNF between patients and controls in the same cultures. 22 Further evidence that IL-1 is important in the pathogenesis of sJIA comes from both papers and anecdotal evidence that treatment with a recombinant IL-1 antagonist, Anakinra, shows remarkable improvement in some sJIA patients. 22 However, there is evidence that there may be at least two sJIA patient subpopulations: Anakinra-responsive and non-responsive; in a trial of French patients approximately half were responsive. 23 Comparable findings were also observed in an Italian cohort and also in a UK cohort (unpublished observations). Similar results have been seen with the receptor based IL-1 blocker, IL-1 TRAP (Rilonacept). 24 A number of associations of IL -1 ligand and receptor  gene polymorphisms have been found with various  inflammatory and autoimmune diseases, including   IL1A  IL1B  IL1F7  IL1F9 IL1F6  IL1F8 IL1F5 IL1F10  IL1RN   100kb  200kb  300kb  400kb   IL18RAP  IL1RL2  IL1R2  IL1R1  IL1RL1 IL18R1   700kb  100kb  200kb  600kb  300kb 400kb 500kb Figure 1 Graphical representation of the linkage disequilibrium (LD) patterns across the candidate loci from Haploview. Shown is the organization of the interleukin-1 (IL-1) family genes in the two clusters on chromosome 2 as well as the single nucleotide polymorphism (SNP) coverage of the initial SNP set. The LD between these SNPs is shown (r 2 ) for those o150 kb apart. Key: white square, r 2 ¼ 0; grey square, 0or 2 o1; black square, r 2 ¼ 1.
osteoarthritis, 25 severity of rheumatoid arthritis (RA) 26 and the severity of chronic polyarthritis. 27 There have also been a number of associations shown with ankylosing spondylitis, 28, 29 susceptibility and severity of alopecia areata, 30 periodontitis 31 and type 1 diabetes (including circulating plasma levels in an allele dose effect). 32 IL-1 family associations of particular note include a polymorphism in the IL1A promoter region with early onset oligoarticular arthritis, 33 although this was not replicated in a subsequent cohort. 34 A variable number tandem repeat in IL1RN has been associated with JIA as a whole, when the subtypes were examined separately this was also significant in the subtypes of extended oligoarthritis, enthesitis-related arthritis and other arthritis, but not sJIA. 35 To date no IL-1 family associations have been found with the systemic subtype of JIA specifically, 33, 35, 36 however, these studies were designed to investigate JIA as a whole and therefore in subgroup analyses the systemic subtype was underpowered. Previous association studies of the IL-1 family have also only looked at limited polymorphic diversity in one or two of the family members while a complete screen of all the members is necessary to be able to fully understand the involvement of IL-1 in disease susceptibility. We report here the most comprehensive gene association study to date of all the known genes within the two IL-1 gene family clusters in sJIA patients, using tagging single nucleotide polymorphisms (tSNPs).
Results
Tagging SNP selection Genotype data were publicly available for a total of 998 SNPs in the two clusters that satisfied the criteria of minor allele frequency (MAF)X0.05 in Caucasians. Due to the significant linkage disequilibrium (LD; Figure 1 ) between these SNPs, tSNP selection identified 211 SNPs capable of capturing all of the variation contained within the full set, 88 for the ligand cluster and 123 for the receptor cluster.
Genotyping
In stage 1 five SNPs in the IL1 ligand cluster and one in the IL1 receptor cluster were dropped due to low confidence in genotype calling. An additional four SNPs in the IL1 ligand cluster and six SNPs in the IL1 receptor cluster were dropped from analysis due to the controls significantly violating Hardy-Weinberg equilibrium. All the SNPs in stage 2 were in Hardy-Weinberg equilibrium and there was no significant difference found in the genotype calling of the two platforms used (97.8% concordance).
Stage 1 association analysis
In the initial individual analysis of the stage 1 data 11 SNPs in the IL1 ligand region showed significant allele frequency differences between the two populations (Po0.05). Conditional analysis showed that the observed significance of three of these SNPs was due to their being in significant LD with another of the SNPs, and so they were removed from the model. Significant allele frequency differences between the sJIA cases and the healthy controls were observed for SNP1 (rs6712572,
(rs4849159, P ¼ 0.04) and SNP81 (rs6760120, P ¼ 0.02) ( Table 1) .
Of the 123 tSNPs typed in the IL1 receptor region, 9 showed significant association in the initial analysis, all of which were located around IL1R2. Conditional and haplotype analysis determined that the effect shown by these nine SNPs was explained by two of them, SNP8 and SNP23 (rs12712122, P ¼ 0.003 and rs4851531, P ¼ 0.009 respectively) ( Table 1 ). The alternative likelihoods of the analyses of this haplotype, with and without interactions, were exactly the same, showing that the best model for the association is that of no interaction, suggesting that the two markers contribute independently to disease risk but do not interact in an epistatic manner. These SNPs show odds ratios (ORs) ¼ 1.52 and 1.59 respectively, with OR ¼ 2 for the two combined.
No haplotypes examined showed stronger significance than individual SNPs and so results are not presented here.
These 10 SNPs from the two candidate regions showing evidence of association in stage 1 were pursued for further investigation in stage 2 of the study. Comprehensive study of IL-1 gene family in sJIA CJW Stock et al
Stage 2 association analysis
The frequencies of the 10 SNPs typed in the stage 2 samples are shown in Table 2 . None of the SNPs show a significant frequency difference in this sample set alone.
The meta-analysis of the data from the two stages of the association study identified three SNPs within the IL1 ligand cluster that showed evidence of association (Po0.05), SNP1 (P ¼ 0.025), SNP4 (P ¼ 0.002) and SNP64 (P ¼ 0.002) ( Table 3 ). The table also shows that these three IL1 ligand cluster SNPs did not have significant (Po0.05) Breslow-Day (BD) P-values, while the four SNPs which did not show evidence of association overall did show evidence of significant differences between the ORs in the two groups tested. SNPs1 and 2 are not tagging any other SNPs within the region, but SNP64 is tagging two other SNPs: SNPs 64a (rs28928309) and 64b (rs315925), both with r 2 ¼ 1. SNP1 is located 22.29 kb downstream of IL1A and SNP4 is within intron 4 of IL1A. SNP64a is located at position þ 4844 relative to the start of transcription of IL1F10, SNP64 is at position À26942 and SNP64b at À19771, both relative to the start of transcription of IL1RN (Figure 2) . SNP8 in the IL1 receptor gene region showed evidence of association in the meta-analysis of the two stages (P ¼ 0.047; Table 3 ). Both of the IL1 receptor cluster SNPs tested in both stages of the study showed a significant difference between the effect sizes observed in the two groups (BD Po0.05). SNP8 is tagging four other SNPs: 8a (rs1010329), 8b (rs2190361), 8c (rs2190360) and 8d (rs740044), with r 2 ¼ 0.86, 1, 1 and 0.82 respectively. All five of these significant SNPs are located upstream of IL1R2 at, in chromosomal order, À43236, À37208, À16309 and À8137, relative to start of transcription ( Figure 3) . As SNPs 8a and 8d are not in total LD with SNP 8 they were also both subsequently typed directly. They both showed a significant frequency difference in the stage 1 samples (P ¼ 0.0062 and P ¼ 0.02), but not in the stage 2 samples (P ¼ 0.52 and P ¼ 0.81), nor in the meta-analysis of the two stages (P ¼ 0.11 and P ¼ 0.13) (data not shown).
Discussion
The recent publication of large genotype databases has made it possible for more comprehensive association studies to be performed by enabling investigation of the LD between SNPs in candidate genes, facilitating the use of tSNP approaches. This significantly reduces Comprehensive study of IL-1 gene family in sJIA CJW Stock et al the amount of redundancy by removing polymorphisms that are in high LD with each other, and capturing the variation contained within a large number of polymorphisms using a subset. It is, therefore, now possible to carry out more comprehensive investigations of regions containing candidate genes by investigating all of the known sequence variations present, rather than, the often subjective, selection of candidate SNPs with known or predicted functionality. This approach also facilitates the discovery of novel regions that may affect gene activity and impact on disease status through any findings of disease association of SNPs within unannotated sequence. The SNPs showing evidence of association with sJIA in the IL1 ligand cluster region are located within, or in the surrounding sequence of, IL1A, IL1F10 and IL1RN. However, as SNP64a is located 1.3 kb downstream from the 3 0 -end of IL1F10 and 50.4 kb upstream of the 5 0 -end of IL1RN, it is possible that it may be involved in the regulation of IL1RN and not of IL1F10. Consequently, it is possible that these associated polymorphisms are only involved with the major forms of IL-1 and that the novel, less widely expressed IL-1 family members are not involved in sJIA susceptibility. ProIL-1a is biologically active and, as well as being found on the cell membrane, is released from cells during disease, where it is a key activator of innate immunity and acute inflammatory responses. Although the effects of IL-1b are more widely investigated there is evidence that IL-1a is important in arthritis development and progression. This includes the observation that levels of membrane-bound IL-1a, but not serum IL-1a or IL-1b, correlate with the severity of arthritis in a mouse model, 37 and that RA patients producing anti-IL-1a antibodies develop a less destructive disease. 38 Dysregulation of the IL1A gene could lead to a perpetuation of the local inflammatory process, contributing to the development of a chronic inflammatory state. IL1RN encodes the IL-1 receptor antagonist IL-1Ra, alterations in the expression of this gene could lead to decreased levels of IL-1 antagonism, resulting in enhanced IL-1 cell signalling. If this is the case it could account for the improvement seen in some sJIA patients when treated with the recombinant IL-1 receptor antagonist Anakinra, as the balance between activation and repression of the IL-1 response would be restored closer to the non-inflammatory state.
The only SNPs in the IL1 receptor cluster that showed evidence of a significant association with disease were all in the region of IL1R2, increasing the confidence that this association is true. Although this association shows only borderline significance in the meta-analysis, we believe that this association is still interesting and warrants further investigation. SNP8 and the four SNPs it is tagging are all located upstream of IL1R2, suggesting that they are involved in regulation of transcription. As IL-1R2 has a short cytosolic domain that is non-signal transducing it is a functionally negative receptor and acts as a decoy, sequestering IL-1 and preventing it from binding to the signal transducing IL-1R1. Thus, alteration in the level of expression of IL-1R2 will in turn affect the activity level of IL-1 during inflammation. Proteolytic cleavage of the membrane bound IL-1R2, so that the extracellular domain is released into the circulation, yields a soluble form of the protein (sIL-1R2), which is found in the circulation and urine of healthy subjects, but elevated in patients with sepsis and with active RA. 8 sIL-1R2 interacts with secreted IL-1RAcP to form a highaffinity IL-1 scavenger, with an approximately 100-fold increased affinity for IL-1a and IL-1b compared to sIL-1R2 alone, but no increased affinity for IL-1Ra. 39 This complex binds to IL-1b with a dissociation rate of 2 h, 8 furthering the importance of IL-1R2 in the neutralization of IL-1. Should these associated SNPs cause a reduction in transcription then this could account for the increased levels of IL-1 and the chronic inflammation seen in active sJIA patients.
The SNPs used in this study are acting as tSNPs for other polymorphisms within the regions, therefore those showing evidence of association are not necessarily directly responsible for the effect seen, rather a SNP being tagged could be the functional polymorphism affecting disease susceptibility. Although the initial SNP coverage was as comprehensive as possible at the time, it did not include the total genetic diversity across the candidate loci; therefore it is possible that the SNPs identified in this study as being associated with sJIA are in LD with an unknown, hidden, functional polymorphism responsible for the effect seen.
One potential limitation of this study is the small sample size, and therefore its low power to detect associations. As a result it is possible that there are other associated SNPs with smaller effect that were not detected in this study. sJIA is a rare disease with a prevalence of approximately only 16 children in 100 000, and only approximately 20 new patients being seen a year at Great Ormond Street Hospital (GOSH). For these reasons larger patient cohort numbers are extremely difficult to collect. This study has already utilized a UK repository of sJIA patients, further to which it would not be possible to collect a sufficiently large number of additional patients to significantly increase the power of this study. However, previous case-control studies investigating sJIA have used similar, and smaller, sample sizes, for example 92 patients, 3 the results of which were confirmed in a larger family study, 40 so this study is favourably comparable to previous work done on this disease. The two-staged meta-analysis approach used in this study is one that minimizes population stratification in small samples, and therefore the SNPs that are found to be associated with sJIA after this analysis are more likely to be true disease susceptibility/severity genes in sJIA. Comparison of the genotype frequencies in the patient populations from this study with the frequencies in the control population from the Welcome Trust Case Control Consortium 41 (available as direct genotyping data for SNPs 5 and 81, and as imputed genotyping data 42 for all others, except SNP4 that is not represented) shows the same pattern of significant differences as reported here, that is significant frequency differences observed with the stage 1 patients, and with all the patients pooled together, but not with the patients from stage 2 alone. The fact that similar results are observed using this larger control cohort (n ¼ 2936), which provides greater sensitivity, indicates that the associations found in this study are most likely to be real. To confirm the findings of this study, replication using a larger, independent patient cohort is necessary.
A potential problem created by this high-density marker approach is that of multiple testing; a necessity in studies with a low prior probability. However, it is widely accepted that correcting for multiple testing using traditional methods such as Bonferroni correction is not appropriate in studies such as this, as it assumes that all of the variables being tested are independent. The result is that correction of the P-values would be overly conservative since the SNPs are in some amount of LD with each other. 43 Other correction methods such as Bayesian inference and false-positive reporting probability also pose difficulties as they depend on prior probability, appropriate values for which are impossible to determine when neither the number of genes involved in a complex disease, nor their effect sizes, is known. This issue must therefore be taken into consideration when interpreting these results, and replication of the findings is essential before any definite conclusions can be drawn.
The observation that just under half of patients treated with Anakinra show a positive response 23 suggests that there may be at least two different populations of sJIA patients; in only some of whom the main underlying cause for disease is a defect in IL-1 regulation. This means that the associations observed in this study may only have a significant effect in those patients responsive to Anakinra, potentially confounding the results due to admixture. It is however not possible to stratify the data in this study by Anakinra response as currently it is only prescribed to patients who are refractory to the standard anti-inflammatory drugs, and so only a very small proportion of the patients used in this study have been treated with Anakinra. A study to investigate the effects of these associated SNPs in patients responsive and refractory to Anakinra treatment is currently being planned.
If there is a higher proportion of patients who are IL-1-blockade responsive in one group than in the other it may explain why six of the ten SNPs typed in both stages of this study had significant BD P-values; showing that there is a significant difference in the effect sizes in the two groups tested. The majority of the SNPs in this study showing evidence of heterogeneity of ORs are not significantly associated with disease status; these negative findings could potentially be positive associations when stratified by Anakinra response, or it is possible that the frequency differences for these SNPs observed in stage 1 were spurious false-positive findings, abrogated when the additional samples from stage 2 are included in the analysis.
In conclusion, this study has found a number of SNPs in IL1R2, IL1A, IL1F10 and IL1RN to show evidence of association with sJIA. This is the first study to show genetic associations between members of the IL-1 gene family and the systemic subtype of JIA, indicating that the IL-1 family is important in the development of disease severity and susceptibility. These finding give a better understanding of the underlying aetiological cause of systemic JIA and could lead to new diagnostic, pharmacogenetic and therapeutic targets to be developed.
Materials and methods

Selection of tSNPs for typing
Genotyping data for all the SNPs within the candidate regions were obtained from the International HapMap project 44 for the Centre d'Etude du Polymorphisme Humain (CEPH; Utah residents with ancestry from northern and western Europe) population (HapMap data release no. 18/phase II Sept. 05, on NCBI B34 assembly, dbSNPb124). These regions covered the gene and the surrounding sequences both upstream and downstream to the next flanking genes. In addition, genotyping data for the population of European descent were obtained from the Programmes for Genomic Applications (www.nhlbi.nih.gov/resources/pga) for all of the candidate genes that they had re-sequenced (all candidate genes except IL1RL1 and IL18R2). As there was overlap in the individuals typed by the two data sources all of the genotyping data were combined into one data file with more complete SNP coverage.
The LD between each of these SNPs that had an MAF of at least 0.05 was calculated using the Haploview programme (version 3.2). 45 The LD data were then used in the Tagger program 46 within Haploview to select tSNPs, examining for pairwise tagging with a minimum r 2 value of 0.8.
Study strategy
To maximize the power of the study given the limited resources available a two-stage study design 47,48 was adopted. In this strategy a group of patient and control samples were typed for all of the SNPs of interest in stage 1, and another group of patients and controls from a different source were typed in stage 2 only for those SNPs that showed evidence of association in stage 1. Due to the samples used in the two stages having been collected from different sources they cannot be combined into a single analysis; therefore the results from both stages of the study were analysed together by metaanalysis, as discussed below.
The power of this meta-analysis strategy is difficult to estimate. As a guide, a two-stage study design, given the number, and proportion of samples and SNPs genotyped in each stage, gives 84% power to detect an SNP with a frequency of 0.3 giving a relative risk of 1.7 using a multiplicative model (CaTS power calculator for two-stage association analysis). 
Genotyping
Genotyping for stage 1 of the study was done with the Illumina Golden Gate assay genotyping platform (custom 384 SNP panel, 96-sample Sentrix array matrix). Automatic clustering of the samples and genotype calling was done with the Illumina BeadStudio software (version 2.1.8.32932). Determination of the validity of the genotyping of each SNP was based on both the softwaregenerated Gen Train score (based on the shapes of the clusters and the relative distance between them) and visual examination of the genotype clustering; any SNPs without three easily identifiable, compact and wellspaced clusters were considered to have failed genotyping. All clustering and genotype calling was confirmed independently by two investigators. Genotyping for stage 2 of the study was performed by KBioscience using Applied Biosystems TaqMan assays. A proportion (18) of the sJIA samples used in the initial study were also re-typed to confirm there were no discrepancies between the two genotyping methods.
Genotype data checking
The genotypes for the control populations were checked for Hardy-Weinberg equilibrium using a w 2 -test with a significant P-value cut-off of 0.05. To check that the control population used for genotyping and the CEPH population used to select the tSNPs were comparable, the distribution of the populations between the three possible genotypes for each SNP was compared using a w 2 contingency table with a significant P-value cut-off of 0.05.
Stage 1 association analysis
Association analysis of the genotyping data was performed using the COCAPHASE module of UNPHASED (v2.403 and v3.0), which performs unconditional logistic regression likelihood ratio tests under a log-linear model. 49 Both single marker and haplotype analyses were performed and haplotype frequencies were estimated by an expectation-maximization algorithm in COCAPHASE. When multiple SNPs in the same region showed a significant difference they were separated into clusters according to their LD, both D 0 and r 2 , patterns. A stepwise conditional regression approach 50 was then used within each LD cluster to identify the SNPs showing primary effects. The stepwise conditional regression was then repeated with the primary effect SNPS from each LD cluster to determine if their effects were independent or related to each other. Nested conditional analysis was also performed to ensure that all of the primary SNPs were required to fully explain the effects seen.
Stage 2 association analysis
The genotyping data from the two stages of the association study were analysed for association using the Cochran-Mantel-Haenszel test for meta-analysis, and the BD test for homogeneity of ORs between the two stages, using the software PLINK. 51 
